Water-soluble high molecular weight compounds were isolated in yields of 21-22% from the oleogum of Boswellia serrata and B. carteri. Using anion exchange chromatography and gel permeation chromatography, different proteoglycans were purified and characterized, leading to four principally different groups: (i) Hyp-/Ser-rich extensins with O-glycosidic attached arabinan side chains; (ii) Modified extensins, with arabinogalactosylated side chains containing GlA and 4-O-Me-GlcA; (iii) Glycoproteins with N-glycosidic side chains containing higher amounts of Fuc, Man and GluNH 2, featuring a 200 kD metalloproteinase that has been de novo sequenced and is described for the first time; (iv) Type II arabinogalactans-proteins. Significant differences between the gums from the two species were observed in the protein content (6% vs 22%), offering the possibility of a quick differentiation of gums from both species for analytical quality control. The data also offer an insight into the plant response towards wound-closing by the formation of extensin and AGPcontaining gum.
Introduction
Oleogum resins from Boswellia species (frankincense, olibanum) are widely used in traditional medicine in India, Africa and Western Europe for their anti-inflammatory activity. Preliminary clinical studies indicate efficacy in the treatment of rheumatoid arthritis, Crohn's disease, ulcerative colitis, peritumoral brain edema and bronchial asthma. The clinical effects result from strong anti-inflammatory activity by inhibition of 5-lipoxygenase, downregulation of cytokines (interleukins, tumor necrosis factor-α), effects on cyclooxygenase, elastase, cathepsin G, factors from complement systems and immunomodulating effects (Sharma et al. 1996) . Boswellic acids from the lipophilic fraction of the oleoresin are considered the main, if not the only, active ingredients of the resin. For reviews on bioactivity, pharmacology and clinical relevance, see Abdel-Tawab et al. (2011) , Moussaieff and Mechoulam (2009) and Ammon (2006) .
Indian frankincense is produced mainly from B. serrata ROXB., while Arabic or African olibanum originates mostly from B. carteri Birdw. (syn. B. sacra Flueck). For production of the oleogum, twigs and stems of the plants are scratched and the exudate, generated as a wound response, is collected after drying. In principle, the oleogums are composed of approximately 60% lipophilic resin, 10% volatile oil and 30% hydrophilic gums. High variability is observed between Indian and African/Arabic olibanum (Ammon 2006) . Pentacyclic triterpenic acids with the major compounds 11-keto-β-boswellic acid and 3-acteyl-11-keto-β-boswellic acid and tetracyclic triterpenic acids (e.g. 3-oxotirucallic acid) and diterpenes (e.g. serratol) have been reported in the resin (Sabieraj 1998) . The volatile oil contains pinene, phellandrene and α-thujene (Sabieraj 1998) . Detailed investigations of hydrophilic components in the gum portion of B. serrata are limited and are restricted to the report of Sen et al. (1992) showing the presence of a 4-O-methylglucuronoarabinogalactan. Details of the composition of the glycoconjugates from B. carteri are not available. Only one early publication describes polysaccharides containing galactose, arabinose and 4-methylglucuronic acid (Jones and Nunn 1955) .
The gum portion, however, accounts for about one-third of the olibanum. Glycoconjugates of frankincense are known to cause major technical problems during production of extracts for medical use by blocking filtration units, by swelling of the material and by precipitation of residual polysaccharides in liquid extracts showing a negative influence on the stability of the preparation. For these reasons, more data on structural aspects of these hydrocolloids are required. To obtain the additional data, detailed glycoconjugate analysis of the gums obtained from B. serrata and B. carteri was performed within the following study. Polysaccharides, proteoglycans and glycoproteins are typical components of gum. In addition to extensive preparative sample fractionation, both proteomic and glycomic methodologies were employed to elucidate the composition of the analytes.
Results
Lipophilic compounds from olibanum derived from the oleoresins of B. carteri and B. serrata were removed using dichloromethane and ethanol extraction (yield of the combined organic extracts 73% of B. carteri and 64% of B. serrata). Cold water extraction of the remaining residue resulted in yields of 27% (B. carteri) and 28% (B. serrata). Ethanol precipitation of the concentrated aqueous extracts and subsequent dialysis yielded high molecular weight (MW) material designated "raw polysaccharides" (RPSbc and RPSbs) at a level of 21% for both frankincense products.
Protein content differed, with 6% for RPSbc and 22% for RPSbs. RPSbc and RPSbs were further fractionated by anion exchange chromatography (AEC) on DEAE-Sephacel ® using a step gradient: neutral polysaccharides were eluted with water, acidic polymers were eluted by increasing the ion strength of the sodium phosphate buffer (SPB) (0.1, 0.25, 0.5 and 1 mol/L) (Figure 1 ). RPSbs was separated into eight subfractions, RPSbc into seven subfractions. Although a high degree of similarity between both products was obvious, the main fractions (BC8 and BS8) differed in elution behavior, showing a higher degree of acidity for BC8 from B. carteri compared with BS8.
All subfractions were subjected to analytical gel permeation chromatography (GPC) on Superose™6 (Figure 2 ). BS-1 and BC-1 were separated into subfractions with defined MWs and were analyzed for sugar composition, which did not differ significantly for the subfractions. We therefore assume that BS-1 and BC-1 are composed of the same polymers but with different MWs. All the successive studies on these polymers were therefore conducted with unfractionated High molecular weight compounds from Boswellia BS-1 and BC-1. BS-2 was separated by GPC into two fractions and, due to limited amounts, only BS-2.1 (MW 500 kDa) was used for further analytical investigations. BS-3 and BC-3 were separated by GPC into two subfractions that did not differ significantly in sugar composition. All successive studies on these polymers were therefore conducted with the unfractionated BS-/BC-3. BS-4 and BC-4 were separated into two subfractions with different sugar composition and different MWs. A similar procedure was applied to fractions BS-5/BC-5 and the polymers from BS-6/BC-6. Further preparative separation was performed on Sepharose CL6B resulting in subfractions BS5.1, BS5.2, BS6.1 and BS6.2 (Supplementary data, Figure S12 and S13).The main fractions mean MW80, 350 kDa, respectively) and BC-7 and -8 (mean MW 80, 600 kDa, respectively) showed a wide distribution of MW. Further fractionation of these fractions was not possible.
Quantitative analysis of monomer composition for the selected polymer fractions (BS1, BS3, BS5.1, BS5.2, BS6.1, BS6.2, BS7, BS8 and BC1, BC8) after trifluoroacetic acid (TFA) hydrolysis was performed by high pressure anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using external standard calibration and, for verification of these data, by gas chromatography with flame ionization detector (GC-FID) of the respective alditol acetates.
The total amount of uronic acids was determined by colorimetric assay according to Blumenkrantz and Asboe-Hansen (1973) , while the ratios of the respective uronic acids were determined after hydrolysis of the polymers by HPAEC-PAD. These data were confirmed by reductive treatment of uronic acids by NaBH 4 , followed by polymer hydrolysis and quantitation of the newly formed neutral sugars by HPAEC-PAD. Linkage analysis was performed via methylation analysis after reductive deuteration of acidic polymers and evaluation of partially methylated alditol acetates by GC/mass spectrometry (MS) ( Table I) . Additionally, D-/L-configuration was determined via capillary electrophoresis after hydrolysis and derivatization with S-(-)-1-phenylethylamine (Noe and Freissmuth 1995) . Based on all these data and the respective protein content, the glycans were divided into four different groups (Table II) , with polysaccharides consisting mainly of pure arabinans (group 1), neutral arabinans with higher galactose content (group 2), polymers with higher content of mannose, fucose and glucosamine (group 3) and type II arabinogalactan proteins (AGPs) (group 4).
As representative polymers for the four groups, the following fractions were investigated in more detail: BS1, BS3 and BC1 for group 1, BS5.1 and Bs 6.1 for group 2, BS5.2 and BS6.2 for group 3 and BS7/8 and BC8 for group 4. Gel permeation chromatography of BS1-BS8 (subfractions of IEC-fractonated raw polysaccharides from B. serrata) and BC1-BC8 (subfractions of IEC-fractionated raw polysaccharides from B. carteri) and standard calibration curves from dextran reference polymers on Superose™6 using 0.15 mol/L sodium chloride buffer (SCB); detection of carbohydrate content of the fractions was made by measurement of the UV absorption after resorcinol-sulphuric acid test. Values in round brackets indicate the mean molecular weight in kDa and the respective yields of the subfractions (% w/w); V 0 void volume; linearity of calibration curves (concentration of carbohydrates at a certain retention time versus log molecular weight) is described by the respective curve fitting equations.
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Group 1: arabinose rich proteoglycans from the extensin family Fractions from group 1 with BC1 as the exemplary polymer (BS1 and BS3 were, in principle, very similar) consisted of 72% (w/w) carbohydrates (determined via resorcinol assay) and 28% (w/w) protein. The protein consisted of hydroxyproline (approximately 53%) and serine (22%) as the main amino acids (Table III) . The polymer did not react with the β-D-glucosyl-Yariv reagent, which excludes the existence of AGPs (Yariv et al. 1962) . The polymer fraction appeared to be heterodisperse on GPC between 10 and 1000 kDa (Figure 2 ). The carbohydrate was composed mainly of L-arabinose (93%) and D-galactose (6%). Methylation analysis indicated the dominance of 1,2-and 1,3-linked arabinose residues as well as a high degree (20%) of terminal arabinose (Table I) . Only approximately 2% of 1,5-linked arabinose residues were detected. The ratio of terminal to chain-forming arabinose units (approximately 1:3.5) indicated the existence of short chain arabinose building blocks.
13 C NMR confirmed that 1-Ara and 1,3-Ara have an α-anomeric configuration (e.g. α-1,3-Araf δ C-1 110.4 ppm (Defaye and Wong 1986) ). Typical downfield shifts for 1-Araf and 1,3-Araf to δ C-1 108.9 and 110.3 ppm, respectively, confirmed the existence of furanoid ring systems (Agrawal 1992) , also in accordance with MS fragmentation data from partially methylated alditol acetates (PMAA) after methylation analysis. Specific signals obtained for 1,2-L-Araf indicated that this carbohydrate was β-configured (δ C-1 97.7, 97.1 ppm (Tischer et al. 2002) .
Treatment of BC1 with endo-α-L-1,5-arabinase and subsequent GPC of the polymer on Sepharose ® CL6B proved complete resistance of the polysaccharide, indicating that the few 1,5-arabinose residues were not located in a potential central backbone. Treatment with exo-α-L-arabinofuranosidase, specific for α-1,2, -1,3 and -1,5 arabinose residues (Kaneko et al. 1998) led to a partial degradation, as observed by the reduction in the mean MW during GPC on Sepharose ® CL6B. Additionally, linkage pattern of arabinose residues (%) in BC1 and BC1 treated with exo-α-L-arabinofuranosidase after methylation analysis are given.
a Linkage type not determined; no. of BC1 treated with exo-α-L-arabinofuranosidase. Methylation analysis of the degraded polymer indicated the disappearance of 1,3-Araf residues while terminal Araf increased. The β-1,2 Araf residues remained nearly unchanged, as expected (Table I ). These findings show that the proteoglycan contains many short β-linked arabinose side chains attached to the Hyp-and Ser-rich protein backbone. As expected, 13 C NMR indicated the typical signals at 174.5, 102.59 and 53.3 ppm that can be correlated with a potential β-L-Araf → L-Hyp O-glycosidic linkage (Dill et al. 1985) . Assuming that the galactose is attached to Ser (Goodrum et al. 2000) , the proteoglycan analyzed here exerts a glycosylation pattern typical for extensins (Cannon et al. 2008 ). Owing to very high similarities in sugar composition, linkage pattern and amino acid composition between BS1 and BC1, both Boswellia species are assessed to have comparable structures. Similar extensin-like proteoglycans with comparable contents of Hyp and Ser, serving also as typical glycosylation sites, are described in the literature (Chrispeels 1976; Clarke et al. 1979 ) as being essential polymers for self-assembly of the plant cell wall by coacervate interaction with pectins (Cannon et al. 2008) . The carbohydrate part of extensins normally consists of Ara (90-97%) and Gal (3-7%), with Ara as Hyp-Ara 1-4 and Gal as Ser-Gal (Sommer-Knudsen et al. 1998) . Our data indicate approximately 9% of Gal, with only about one-fifth of that being terminal Gal, with the rest linked to other sugars. The 1,3-and 1,3,6-Gal residues especially indicate the presence of type-II arabinogalactan polysaccharide units in addition to extensinlike polymers, represented mainly by the 1-Gal residues. Similar extensin-like proteins with AGP characteristics are known from the literature and have been described, for example, for Nicotiana tabacum (Bosch et al. 2001 ).
Group 2: modified extensin structures From the heterogeneous AEC fractions BS5 and BS6, the polymers BS5.1 and BS6.1 with mean MW of 400 and 800 kDa, respectively, were isolated on a preparative scale by GPC on Sepharose ® CL6B in addition to the low MW polysaccharides BS5.2 and BS6.2 (mean MW 25 and 25-80 kDa, respectively (Figure 2) ). Similar fractionation profiles were obtained from the respective GPC fractions from B. carteri. Examination of the carbohydrate composition revealed differences between the high-and low-MW subfractions, indicating the presence of two different polysaccharide groups. Although the high MW polymers had a Ara:Gal ratio of 4-5:1 (in the following position in the proteoglycan group 2), the lower MW polymers had a Ara:Gal ratio of about <2:1 but also showed higher amounts of glucose, mannose, fucose, glucosamine and 4-O-methylglucuronic acid (in the following position in the proteoglycan group 3).
Detailed analysis of polymers from group 2 was performed on BS5.1 and BS6.1. Protein content of the Yariv-negative proteoglycan was approximately 36% with the respective amino acid composition for BS5.1 presented in Table III . Again Hyp and Ser were the dominant amino acids. The main carbohydrates were arabinose (71% for BS5.1 and 67% for BS6.1) and galactose (13 resp. 16%) as the main building blocks with minor amounts of GlcA, 4-O-MeGlcA and GlcNH 2 . The L-configuration was determined for Ara, while Gal, GlcA, 4-O-MeGlcA and GlcNH 2 were in the D-configuration. Linkage analysis (Table I) indicated the presence of 1,2-Araf (approximately 40%), 1-Araf (approximately 18%), 1,3-Araf (approximately 7%), and 1,3,6-Galp (approximately 7%). Configurations at the anomeric center were the same as determined for proteoglycans from group 1, which 
Note that due to drastic conditions of hydrolysis, glutamine and asparagine may be determined as glutamic acid and aspartic acid.
A Herrmann et al. means that the molecules were β-1,2-Araf, α-1,3-Araf and galactose, β-configured. These modified extensin structures differ from extensins from group 1 mainly in the higher contents of galactose (+ 7 mol%) and uronic acids (+ 5 mol%). We therefore assume that the polymer consists of a Hyp-and Ser-rich (approximately 60%) protein backbone to which short arabinose side chains are attached (about DP4, 3 × (1 → 2-β-L-Araf ), which terminates with α-LAraf, and to which mixed Gal,Ara, GlpA, 4-O-MeGlcA (about DP8) are attached, presumably via O-glycosidic linkages.
Group 3: glycoproteins with higher content of fucose, mannose and glucosamine BS5.2 and 6.2 consisted of polymers with an Ara:Gal ratio ranging from 2:1 to 1:2 and with higher amounts of D-Man (7 and 5%, respectively), L-Fuc (4% and 3%, respectively), D-glucosamine (9% and 6%, respectively) and D-4-Omethylglucuronic acid (3% and 8%, respectively, Table I (Table III) indicated glycine, alanine and glutaminic acid (for BS62.2) as the main components of the protein portion. BS6.2 was shown to be incompletely degraded by trifluoromethanesulfonic acid (TFMS) treatment, indicating that carbohydrate chains are not connected exclusively to the protein core via O-glycosidic linkages, possibly indicating some N-glycosidic linkages. To support this idea, PNGase F treatment of BS6.2 was performed but all experiments failed due to protease activity of the fraction against the enzyme. At this point of the investigation, the presence of an enzymatically active polymer had to be assumed, leading to intensified experimentation on this compound.
The protein-containing band at 200 kDa (BS6.2.1), supposedly still glycosylated, was tryptically digested, and the peptides were subjected to MS analysis for protein identification. The matrix assisted laser desorption (MALDI)-TOF peptide mass fingerprint (Supplementary data, Figure S1 ) could not be matched to any known protein in the public databases. This lack of a match with the public databases was not surprising because protein sequence data for plants comprise only a tiny fraction in these knowledge bases. The identification of proteins often requires de novo sequencing. In addition, the peptide map suggested the presence of modified peptides because of mass differences observed between peaks of 16 and 162 Da, indicating, for instance, oxidation and loss of hexose. Those peaks would not correspond to the correct mass for a tryptic peptide and would hamper database search.
Peaks prominent in the peptide map were therefore selected for individual fragmentation analysis using nanoESI-MS/MS on quadrupole time-of-flight (Q-TOF) Premier (Supplementary data, Figure S2 ). Double charged peptides were preferentially chosen in the m/z range 600-1200 to provide as much sequence information as possible. Approximately 20 peaks could be tested before the sample was consumed; spectra for 10 of them gave sufficient information for sequence assignment (three of the peaks were simply sodiated versions of a protonated peptide that was also present). Ions 1-7 (as labelled in Supplementary data, Figures S1 and S2, Table IV), which allowed de novo sequencing, are discussed in detail below (the electrospray ionization (ESI)-Q-TOF MS/MS spectra for the peaks 2-6 and the expected fragment ion masses for two potential peptides are shown in Supplementary data, Figures S3-S10).
Example spectra are shown in Figure 3 . The spectrum in Figure 3 presents a clear ion series for a sequence tag consisting of the amino acid residues DEG (or vice versa). Taking into account the tryptic digestion at arginine and lysine residues as well as information on immonium ions, missing amino acids were postulated and accepted when the respective fragment ions were detected. This approach was tedious and not without error because ion series may be incomplete or corrupted by the presence of proline in the sequence. Moreover, isobaric amino acids such as leucine and isoleucine (residue mass 113.084) cannot be distinguished at all in this approach. In this work, these compound names were therefore used synonymously or used as found in homologous proteins. The residue mass of hydroxyproline (113.048) differs only slightly, but the amino acid could most likely be distinguished from Leu/Ile by the fragmentation behavior. Glutamine and lysine also have almost the same residue mass (128.586, 128.095, respectively) and could not conclusively be assigned from the spectra. However, Lys is a tryptic cleavage site in For peak 3, insufficient experimental evidence was available to support the assignment of two Trp residues in the sequence. Therefore, ww was printed in lower case and serves as a place holder (see Supplementary data, Figure S5 ). For limits in amino acid assignment, see text. Sequences were assigned to a putative uncharacterized protein from barley (O24002) and subsequently matched to a family of known homologous plant basic secretory proteins (Table V; for details  see Supplementary data, Tables S1 and S2 ).
High molecular weight compounds from Boswellia contrast to Gln. In addition, dipeptides match masses of larger amino acid residues such as SerVal or GluGly to the mass of tryptophan so that peaks can be misassigned. Amino acid residues, which could not confidently be assigned due to missing peak information, were therefore marked in lower case letters in Table IV . A helpful way of gaining confidence in sequence assignment, however, is the comparison of short tags with sequences of known proteins. To that end, ProteinProspector, a tool from the University of California that allows for amino acid substitutions, was used to check the tag WDEGYDVTAR ( peak 1, Table IV, Figure 4A ). This experiment gave a 100% match with a 25 kDa protein from barley (Hordeum vulgare, UniProt O24002; Supplementary data, Table S1 ) and the first hint of the presence of the plant protease in Boswellia. To group its sequence with other known proteins, a BLAST search was performed in the UniProt database (Supplementary data, Table S2 ). Sequence tag WDEGYDVTAR is present in 26 proteins either as is or with substitutions by related amino acids such as Glu/Gln, Asp/ Asn or aliphatic or charged amino acids. These substitutions are common during evolution, but are also possibly artificial changes. For instance, asparagine deamidation is a wellknown phenomenon (Stephenson and Clarke 1989; Wakankar and Borchardt 2006) . Comparison of protein sequences to gene data is therefore advisable once the protein sequences are available. By using an interactive approach, it was eventually possible to match the peptides of peaks 1-7 to sequence stretches found in this set of homologous proteins (Supplementary data, Table S2 ). Even the C-terminus of the Boswellia protein was apparently detected. The four proteins showing agreement in prominent positions such as the terminus were aligned and matched to Boswellia peptides in Table V . These proteins have been assigned to the family of plant basic secretory proteins (BSP, PF04450), believed to be part of the plants' defence mechanism against pathogens (Kuwabara et al. 1999) . Nucleotide sequence data for the query protein from barley (O24002) itself were submitted to EMBL/GenBank as "Novel barley defence response gene family encoding intercellular proteins." (Christensen et al. 2002) .
The second protein from barley (Hordeum vulgare var. distichum, A7YA66) was characterized as a plant pathogenesisrelated protein ("Cloning and characterization of new members of barley PR17 family." Sheikh JJ, Langridge P, Oldach K, Submitted AUG-2007 to EMBL/GenBank]. The homologous wheat protein (Triticum aestivum, Q41523) was also described in the context of disease resistance (Gorlach et al. 1986 ). For the protein from castor bean (Ricinus communis, B9RY80), no function was supplied, but this protein does have the consensus sequence for neutral zinc metalloproteases (Prosite pattern PS00142) as does protein O24002. The consensus pattern is described as (GSTALIVN]-{PCHR}-{KND}-H-E-[LIVMFYW]-{DEHRKP}-H-{EKPC}-[LIVMF-YWGSPQ) with two histidines, which are close together, being zinc ligands with glutamine as the active site. Glutamine acts as a nucleophile and promotes the attack of a water molecule on the carbonyl carbon of the substrate. This protein superfamily is known as metzincins (for a review on Table S1 ) and with high agreement with the peptides identified in Boswellia Peptides that were found in the analysis of the 200 kDa protein band (Table IV) were placed on top of matching sequence parts in green; corresponding amino acid residues in known proteins were marked in grey. The Zn protease consensus sequence site was labelled in red, Zn His ligands in yellow; Glu is the active site in that amino acid residues stretch. Accession numbers refer to the putative uncharacterized proteins O24002 from Hordeum vulgare, Q41523 from Triticum aestivum, and B9RY80 from Ricinus communis and the predicted protein from Hordeum vulgare var. distichum (A7YA66).
High molecular weight compounds from Boswellia these zinc-dependent endopeptidases, see Balaban et al. 2012) . The proteins A7YA66 and Q41523 have an amino acid substitution for Ala in position 6 of the catalytic site, so those proteins are not recognized by the pattern search algorithm. A substitution of Val by Ala, a smaller but still aliphatic amino acid, seems unlikely. This substitution can suppress activity completely, but present knowledge does not allow for this conclusion.
Verifying these findings on the 200 kDa band, protease activity was shown using zymographic gels (12.5% SDS-PAGE with 12% gelatine, Coomassie staining, Figure 4A ). This proteolytic activity was again verified by azocasein assay (Iversen and Jorgensen 1995) using a 1 h incubation of 1.25% azocasein at 45°C together with 0.5 mg/mL BS6 followed by UV-spectrometric evaluation. Activity was clearly inhibited by the addition of EDTA to the reaction mixture, proving the existence of a metalloprotease (data not shown).
Group 4: AGPs type II
The main fraction BS8 obtained from the raw polysaccharide mixture from B. serrata after AEC with a mean MW of 350 kDa was composed mainly of D-Gal (60%), L-Ara (9%), L-4-O-MeGlcA (17%) and D-GlcA (9%). The protein content was determined to be 4%.
The respective AEC fraction from B. carteri BC8 (mean MW 600 kDa) showed a similar composition with less Ara (only 2%) and higher amounts of 4-O-MeGlcA (26%). Protein content was determined to be 1%.
Methylation analysis of the carboxyl-reduced polymers (Table I) indicated the presence of a 1,3,6-Galp backbone beside 1,6-Galp (approximately 10%) and 1,3-Galp (approximately 10%) as the main building blocks. Only traces of 1,2-Ara were found, a building block typical for all other proteoglycans isolated in this study. 4-O-MeGlcAp (approximately 20%) was found exclusively as a chain-terminating carbohydrate, while GlcA showed a 1,4-linkage. During methylation analysis, the PMAA of 1-GlcA and terminal 4-O-MeGlcAc was differentiated by using CD 3 I as the methylation reagent: no mass markers indicative of 1-GlcA were detected during this experiment. By 13 C-NMR, 4-O-MeGlcAp was shown to be β-configured at the anomeric center (δ C-1 103.9 ppm). The 1,3,6-Galp (δ C-1 103.0 ppm) and 1,3-Galp (δ C-1 103.9 ppm) were shown to be in the β-configuration, while 1-Araf (δ C-1 108.9 ppm) and 1,3-Araf (δ C-1 110.3 ppm) were also α-configured. The typical downfield shifts also proved the furanoid form of the arabinose residues, correlating well with data found in the GC-MS analysis of the PMAA. Qualitatively, no differences were found for the polymers from B. serrrata and B. carteri.
Enzymatic digestion of BS8 with exo-β-D-glucuronidase produced a slight partial degradation of the proteoglycan as detected after GPC on Sepharose CL6B. Only 4-O-MeGlcA was detected as degradation product (data not shown). This observation is in agreement with the observed chainterminating positions of this carbohydrate.
Esterification of the carboxyl groups was excluded by the absence of typical signals in 1 H NMR (1.8-2.2 ppm) and infrared spectroscopy at 1740 cm
, while signals at 1610 and 1420 cm −1 indicated the presence of salts of the carboxyl groups. Flame atomic absorption spectroscopy revealed the presence of smaller amounts of Ca 2+ (BS8: 3 mol%, related to the number of uronic acids per polymer; BC8: 4 mol%) and Mg 2+ (BS8: 1 mol%, BC8: 1 mol%). BS8 and BC8 showed positive reactions (data not shown) in a semiquantitative radial agarose diffusion test with Yariv reagent, indicating that more than 90% of these polymers were AGPs.
For partial hydrolyses, hydrolysis conditions favoring formation of low MW degradation products were investigated by using TFA at 0.5 and 0.05 mol/L at 100°C over 1, 2 and 3 h, followed by GPC. While all assays treated with 0.5 mol/L of TFA showed strong hydrolysis yielding mainly monosaccharides, treatment with TFA at 0.05 mol/L yielded low MW material in a time-dependent manner. Using these optimized conditions, BS8 was treated with TFA (0.05 mol/L) for 2 h at 100°C. The reaction mixture was dialyzed, yielding high MW glycans from the backbone (BS8b) and low MW material from the side chains (BS8s, Table VI). BS8b was composed mainly of Gal (68%) and 4-O-MeGlc (19%), while arabinose was nearly completely removed (content 2%) and found dominantly in BS8s. The low MW and protein-free glycans from BS8s consisted of Ara (57%) and Gal (25%). BS8b still contained approximately 95% of AGP, indicating that the Yariv reagent still acts on target polymers with very low arabinose content. Methylation analysis of BS8b (Table VI) indicated a partial structure of the core polymer of a β-1,3,6-Gal backbone with β-1,6-and 1,3-Gal side chains terminated by 4-O-MeGlcA. Methylation analysis of the low MW glycans BS8s gave no reproducible and clear results. This fraction was therefore separated on Biogel P2 into two subfractions and detailed ESI-MS studies of the oligosaccharide subfraction BS8s1 were performed; the subfraction containing oligomers with low molecular weights (BS8s2) was not further investigated.
The fine structure of the backbone fraction BS8b was evaluated by ESI-TOF-MS. For this purpose, BS8b was further degraded (TFA at 1 mol/L, 90 min, 100°C), and the resulting reaction mixture was fractionated on Biogel ® P2 into three subfractions (BS8b1-3). The oligosaccharide fractions BS8b1 and 2 were subjected to ESI-TOF-MS (BS8b3 was not further investigated due to low MWs). Oligosaccharide fragments were calculated from the respective exact masses (Table VII) .
Considering the results from methylation analysis for the backbone fractions BS8b1 and 2 and considering the results from methylation analysis, branched 1,3,6-Gal and terminal 4-O-MeGlcA fragments up to octamers were identified. GlcA was found within the backbone fractions only in direct linkage to Gal. Within BS8s1 side chain fractions, only GlcA was found as the monosaccharide. No fragments of GlcA in combination with 4-O-MeGlA or other sugars were detected. These data indicate that 1,4-GlcA is a typical link between Gal and carbohydrates that are easily cleaved (e.g. Ara or Rha).
Considering the data from methylation analysis, side-chain fraction BS8s1 contained di-to tetrameric Ara blocks and terminal 4-O-MeGlcA, mainly linked to Gal in different clusters. Interestingly, prominent signals for m/z 451, corresponding to Ara-tRha, were found. Although fragments for Gal-Ara were absent, the arabinose chains are assumed to be linked via GlcA to the galactan backbone.
For further investigation of potential sequences of 4-O-MeGlcA in the galactose clusters of BS8b1, ESI-MS-MS in the negative ion mode was performed using borohydride end group-reduced glycans. The predominant sequences found are shown in Figure 5 . These sequences indicate that the 4-O-MeGlcA is directly linked to Gal. No fragments were found for oligosaccharides with two 4-O-MeGlcA residues in line linked to one galactose.
Comparison of the respective structures between products obtained from B. serrata and B. carteri did not indicate significant differences. Proteoglycans differed only by molecular weight, in the content of uronic acids (BC > BS) and arabinose (BS > BC). For the protein parts of BS8 (4%, w/w) and BC8 (1%, w/w), the respective amino acid composition, as determined by HPAEC-PAD, was comparable for both proteoglycans with Hyp, Val, Ala, Gly and Ser constituting the main compounds (Table III) , indicating the presence of hydroxyproline-rich AGP . The amount of 9-10% Gly is not typical for AGPs. Glycine is not generally found in AGPs, and the >10% levels here suggest the presence of other proteins. These other proteins can be detected at very low intensities in SDS-PAGE of BS-8 as a Yariv-negative smear band between 10 and 30 kDa. Because of the low intensity, detailed investigations of this band were not possible. In contrast, the high Gly content may be-at least in part-also attributed to the AGP: Serpe and Nothnagel (1995) identified Gly-rich (6-15%) AGPs from rose cells. Gleeson and Clarke (1979) also describe the isolation and characterization of Yariv-purified AGP with glycine content of 9.3%. The presence of a high Gly-AGP may therefore be possible but cannot be proved at this stage of the investigations.
Carbohydrates were shown to be linked by O-glycosides to the protein part, as demonstrated by alkaline hydrolysis of BS8 with NaOH/NaBH 4 , which led to a significant shift in molecular weight after GPC from approximately 350-80 kDa. Analysis of native BS8 and the NaOH-degraded product by SDS-PAGE revealed that the major protein band at >200 kDa disappeared. Distinct low molecular protein bands were not detected, with the exception of a smeared area interpreted as partial degradation. Because NaOH/NaBH 4 hydrolysis will only cleave carbohydrate-Ser-and Thr-linkages, Hyp is also assumed to be an additional connecting unit to the respective sugar chains.
In contrast, the non-specific hydrolysis of O-glycosides by TFMS (Edge et al. 1981 ) resulted in SDS-PAGE showing a disappearance of the >200 kDa band and the appearance of a band at 13 kDa. Using the mean MW of 350 kDa for BS8 and the protein content of 4% for calculation, a theoretical protein of 14 kDa would supposedly be released by hydrolysis if the proteoglycan of one protein core with many carbohydrate side chains attached to this core protein existed. From that point of view the release of a 13 kDa protein from BS8 fits well into this calculation.
To summarize, BS8 and BC8 are AGPs with many complex carbohydrate chains linked most likely via Ser and Hyp to a 13 kDa protein core (Figure 6 ).
Discussion
Various gums and oleogums from different sources are used worldwide for technical and medicinal applications (for example, myrrh, karaya, tragacanth, olibanum, etc.). When searching the literature, information on the composition of High molecular weight compounds from Boswellia such gums can be found, but only a few facts are available on proteoglycans from gums (e.g. Wiendl et al. 1995) . In many cases, polysaccharides in the gums have been described, with hardly any detail, as well as a more or less high amount of proteins. Our present investigation of high molecular weight compounds from olibanum did indicate abundant glycoproteins, while no pure polysaccharides have been detected. Qualitatively, no significant differences between the two Boswellia species have been found. However, a much higher protein content was measured for the gum from B. serrata compared with B. carteri. In that respect, protein quantitation could be a faster and more efficient differentiation method for the different gums than the traditional use of chromatography. The major parts of the gum exudate are type Hyp/Pro-rich type II AGPs with O-glycosylation, most likely via Hyp as being typical for most AGPs (Tan et al. 2010) . Potential O-glycosylation via Ser may be possible. Detailed analysis of this O-glycosylation may be interesting for follow-up studies, using alkaline deglycosylation hydrolyzing Ser-or Thr-Oglycosides, but not active against Hyp, because of degradation by β-elimination (Lamport 1980) . In addition, more advanced methods using MS/MS studies for detailed analysis of O-glycosylation as reviewed by Peter-Katalinic (2005) indicate fine structures and typical O-glycosylation patterns. Because of larger galactan-/4-O-MeGlcA chains and the relatively low Ara content of approximately 5-10% as well as Hyp-content of 10-18%, the Boswellia AGPs are assumed to be similar to the basic type of AGP according to the wattleblossom model with arabinogalactantosylated backbones rather than the twisted-hairy-rope model with arabinose as well as glucuronorhamnoarabinogalactans attached to the backbone (Du et al. 1996; Ellis et al. 2010 ). These structural features are similar to fusion (Hyp)-arabinogalactan glycoproteins with a median glycan size of 15-17 residues per Hyp , whereas for the Boswellia AGPs, a more heterodisperse size range with short mono-and dimeric residues with higher oligo/polymeric side chains (mean DP 12) are assumed, based on the data from methylation analysis. However, this AGP is different from the other Hyp-AGP with more complex structural features, as, for example, described for the gum arabic glycoproteins, containing extensin and AGP modules (Goodrum et al. 2000) where the AGP parts differ significantly in fine structure by comparison to the isolated Boswellia AGP. 1: high intensity, 2: middle intensity, 3: low intensity, of the corresponding signal in the spectrum.
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Despite the fact that type II arabinogalactans seem to be highly complex, recent data from Tan et al. (2004 Tan et al. ( , 2010 indicated a rather regular fundamental construction of AGPs with a far less complex structure than commonly supposed. The shared common feature of a regular galactan backbone composed of two 1 3 β-linked trigalactosyl blocks with a β 1 6 branching, bifurcated side chains with Ara, Rha GluA and Gal linked via O-6 position to Gal-1 and Gal-2 of the mainchain trigalactosyl building block correlates well with the analytical data from our study.
Beside the various functions of AGP in plant cell physiology, growth, signaling, hormone responses, etc. (Du et al. 1996) , the strong influence of AGP on wound response or pathogen attack is known (Guan and Nothnagel 2004) . During or after wounding, disturbance in AGP participates in the signal transduction pathway for complex cellular response (Guan and Nothnagel 2004) . We assume that, at least in cases of wound-initiated gum exudates rich in AGPs, an immense efflux of these polymers occurs for physical wound-closing. Such a closing mechanism may also be seen as a response to strong oxidative stress after wounding, leading to AGP crosslinking by peroxidases (Kjellbom et al. 1997) . Such woundhealing and antimicrobial effects of AGP are increased by additional secretion of extensins (Stuart and Varner 1980; Showalter 1993) , for which, in a first phase after wounding, water-soluble, Lys-rich extensins are secreted into the cell wall.
This process is followed by binding to acidic polysaccharides such as rhamnogalacturonans and AGPs, followed by processes leading to insoluble polymers, although the nature of the covalent cross-links formed is unknown. The oxidative coupling of tyrosine residues most likely plays an important role in the insolubilization of cell wall proteins. Isodityrosine may form both intra-polypeptide loops and inter-polypeptide cross-links. Pulcherosine could also act as an intermediate in the conversion of isodityrosine to the tetramer, di-isodityrosine leading to cross-linking of extensins to produce insoluble structures with isodityrosine bridging (Brady et al. 1998; Held et al. 2004) . These polymers may act again as starting points for new wall formation (Brady et al. 1998 ). Such a model is questionably true for Boswellia gum as a potential wound closure system because, according to our investigations, the gum does not contain high amounts of tyrosine.
Effective wound closing and protection of the wounded Boswellia tissue is additionally improved by secretion of proteases, as described here for such a gum for the first time. The 25 kDa metalloprotease was identified in a 200 kDa 1D-PAGE band by MS-based de novo sequencing and similarity analysis. The strong proteolytic activity of the metalloprotease was verified in independent assays. The protein is homologous to a barley 25 kDa protease and we refer to it as Boswellia basic secretory protease BBSP. BBSP belongs to the family of plant basic secretory proteins believed to be part of the plant's defence mechanism against pathogens (Kuwabara et al. 1999) , disease resistance (Gorlach et al. 1986 ) and plant pathogenesis (Sheikh et al. 2007 ). Presence of the consensus sequence for neutral zinc metalloproteases (Prosite pattern PS00142) was found for some members of the basic secretory protein family. Whether or not the Boswellia protein contains the correct catalytic site remains to be elucidated because no peptides of that region have so far been found.
The oleogum from Boswellia is used for extraction of lipophilic compounds with triterpenoid structural features. During extraction with organic solvent, swelling of the extraction mass and problems during phase separation are well known. With the present knowledge, we see the reason for this in the high polysaccharide content, and we predict furthermore that the swelling and emulsifying effects observed may be due to the AGP content and potential supramolecular structures of the Hyp-rich proteins. This observation would be in agreement with some physicochemical properties described for gum arabic AGP and the respective data published by Goodrum et al. (2000) .
To summarize all these findings, we obtained a more comprehensive view of the components in these gums. We speculate that high molecular weight compounds from Boswellia are involved in optimized wound closing in plant tissue. The subsequent insertion of lipohilic low molecular weight compounds such as monoterpenoids and triterpenes leads to strong antimicrobial and antiviral effects for the gum exudates, protecting the plant from further harm.
Materials and methods

General experimentation procedure
If not stated otherwise, all chemicals, solvents and enzymes were purchased from Sigma (Deisenhofen, Germany) and VWR (Darmstadt, Germany). Acetic acid (HAc), acetonitrile (ACN, liquid chromatography (LC)-grade) and formic acid (FA) were purchased from Fluka (Buchs, Switzerland); TFA was purchased from Merck (Darmstadt, Germany).
Olibanum from B. serrata (batch 8676) was obtained from Alfred Galke GmbH, Gittelde, Germany. Arab olibanum from B. carteri (batch 119880, production 2005) was from Martin Bauer GmbH & Co. KG (Vestenbergsgreuth, Germany). Identity was verified by thin layer chromatography (TLC) against the respective reference materials. Voucher specimens were deposited in the archives of the Institute of Pharmaceutical Biology and Phytochemistry, IPBP, University of Münster.
Isolation of raw polysaccharides (RPS)
Olibanum (1 kg) from B. serrata and B. carteri was powdered and defatted by Soxhlet extraction with dichloromethane over 24 h; yields of CH 2 Cl 2 extracts were 71% for B. carteri and 60% for B. serrata. The remaining residue after dichloromethane extraction was further extracted for 8 h under stirring with the five-fold amount of ethanol 96% (v/v); yields of the resulting ethanol extracts, related to the starting material, were 2% for B. carteri and 4% for B. serrata. Ethanol-insoluble material was extracted 6 times for 5 h under vigorous stirring at room temperature with demineralized water; yields of aqueous extracts were 27% for B. carteri and 28% for B. serrata. Cold-water-insoluble material was extracted further with water at 70°C for 90 min; yields of extracts were 0.03% for B. carteri and 0.4% for B. serrata. The remaining residue was extracted with sodium hydroxide (0.1 mol/L) for 60 min; yields of extracts were 0.1% for B. carteri and 1% for B. serrata. Remaining insoluble residues were 0.3% for B. carteri and 7% for B. serrata.
The volume of the combined cold water extracts was reduced under vacuum (max. 40°C) and the resulting concentrate (1 L) precipitated by the addition of 5 L of ice-cold ethanol 96%. The suspension was kept for 24 h at 4°C, the resulting precipitate was isolated by centrifugation (3.600 ? g, 7 min), dissolved in water, dialyzed (Cellulose membranes, MWCO 3.5 kDa, Spectrum, Laguna Hills, CA, USA) and lyophilized to yield 21% of raw polysaccharides (RPS) related to the starting material from both B. serrata and B. carteri. Fractionation of RPS was performed by AEC using a DEAE Sephacel ® column (5.2 × 40 cm) in the phosphate form and elution by a step gradient of deionized water, SPBs pH 6.0, ion strength 0.1-, 0.25-, 0.5-, 1 mol/L, flow 120 mL/h, fraction size 10 mL. Carbohydrate-containing fractions were pooled, concentrated under vacuum, dialyzed and lyophilized (for detailed methods, see Zippel et al. 2009 ).
Carbohydrate analysis
Total carbohydrates in AEC-and GPC-fractions were assayed using the resorcinol-sulphuric acid test (Monsigney et al. 1988) . Determination of total uronic acids was performed according to the method of Blumenkrantz and Asboe-Hansen (1973) with o-hydroxydiphenyl in a modification for 96-well-microtiter plates using glucuronic acid as reference. Polysaccharides were hydrolyzed with TFA at 2 mol/L, 121°C, 1 h. Quantification of monomeric carbohydrates was accomplished on ion-exchange high performance liquid chromatography with pulsed-amperometric detection (Dionex, Idstein, Germany), Bio LC, with AS50 autosampler, GS50 gradient pump, AS50 oven and ED50 electrochemical detector on a CarboPac™ PA1, analytical column, 2 × 250 mm, CarboPac™ PA1, guard column 2 × 50 mm and BorateTrap™ Trap, 4 × 50 mm. Elution was carried out using a gradient program with water and NaOH (0.1 M) for neutral sugars, and ternary gradient water, NaOH (0.1 M) and NaOAc (0.5 mM) for uronic acids. Quantification of neutral sugars after acetylation as alditol acetates was performed by GC-FID according to the procedures reported by Blakeney et al. (1983) .
Linkage analysis of neutral sugars was analyzed as their PMAA by GC-MS according to the method of Hakamori (1964) , modified by Harris et al. (1984) .
Gas liquid chromatography was performed on an Agilent 6890N GC-MS system with a mass selective detector on an HP-5 MS fused silica capillary column (i.d. 0.25 mm × 30 m, film thickness 0.25 µm) with helium as a carrier gas (flow 1 mL/min). Reduction of acidic polysaccharides to the carboxylreduced polymers was accomplished in the presence of carbodiimide and NaBD 4 following the method of Taylor and Conrad (1972) . The determination of MW distribution of polysaccharides was performed by fast protein liquid chromatography (GE Healthcare, Freiburg, Germany) on a Superose ® 6 column. Preparative GPC was carried out on a low pressure Sepharose ® CL6B 100 × 0.8 cm column (GE Healthcare, Freiburg, Germany) with 0.15 M NaCl as the mobile phase using standard dextrans for calibration. Void volume was determined with DextranBlue ® . Oligosaccharides were isolated by Biogel ® P2 resp. P4 columns 90 × 1.5 cm (Bio-Rad, Munich, Germany), flow 0.14 resp. 0.3 mL/min and water as the mobile phase.
Identity of the D/L forms of monomeric carbohydrates was determined after hydrolysis, derivatization according to Noe and Freissmuth (1995) and identification after zone capillary electrophoresis with a P/ACE MDQ Capillary electrophoretic system (Beckmann Coulter, Pao Alto, USA) on an uncoated capillary column (70 × 60 cm) against the respective reference compounds. For semiquantitative determination of the AGP, a radial diffusion assay with β-D-glucosyl-Yariv (Biosupplies, Australia) according to Yariv et al. (1962) was used. Alkaline deglycosylation with NaOH (0.05 mol/L) under addition of NaBH 4 (1 M), 45°C, 18 h was performed according to Beeley (1985) , while the deglycosylation with TFMS (3 h, 0°C) was performed according to Edge et al. (1981) . PNGaseF (500 U/ mL) was purchased from New England BioLabs (Ipswich, MA). For deglycosylation, 9 µL from a 5 mg/mL test sample were treated with 1 µL of denaturation buffer (5% SDS, DTT 0.4 M), 5 min, 100°C. After addition of 2 µL of reaction buffer G7 (SPB 0.5 M, pH 7.5), 2 µL NP-40 (10%), 4 µL PNGaseF and 2 µL water were added; 37°C, 1 h. NMR was measured by using 10-30 mg of the polymers against a TMS standard. Enzymatic degradation was performed by using β-D-glucuronidase (E.C.3.2.1.31) from Helix pomatia, α-L-1,5-arabinase (3.2.1.99) from A. niger, α-L-arabinofuranosidase (3.2.1.55) from A. niger, all from Megazmye, Ireland.
Protein analysis
Alkaline deglycosylation with NaOH (0.05 mol/L) under addition of NaBH 4 (1 mol/L), 45°C, 18 h was performed according to Beeley (1985) , while the deglycosylation with trifluoromethanesulfonic acid (3 h, 0°C) was performed according to Edge et al. (1981) .
SDS-PAGE was performed according to Laemmli (1970) with Coomassie stain (Sedmark and Grossberg 1977) . Zymographic protease activity in SDS-PAGE gel was determined according to Heussen and Dowdle (1980) . Azocasein assay was performed according to Iversen and Jorgensen (1995) .
Quantification of residual protein was performed according to the method of Lowry et al. (1951) using standard bovine serum albumin (PAA Laboratories GmbH, Austria) as a reference. Amino acids were quantitated by HPAEC-PAD on AminoPac™ PA10 (2 × 250 mm) guard column and BorateTrap™ after hydrolysis with HCl (6 mol/L), 110°C, 6 h; tryptophan after hydrolysis with 4.25 M NaOH, 110°C, 20 min. Quantification was performed by external standard calibration using amino acid standard solution (Sigma, Deisenhofen, Germany).
The 200 kDa Coomassie-stained band was excised from the gel and prepared for MS-based protein analysis. The 200 kDa Coomassie-stained band was destained with 50% methanol solution containing 25 mmol/L NH 4 HCO 3 , washed with pure water for 5 min and incubated with ACN for 15 min. The gel slice in ACN was dried in a SpeedVac (ThermoFisher, Waltham, MA, USA). Trypsin (10 µL, 20 ng/µL) was added to the gel followed by 40 µL NH 4 HCO 3 (50 mmol/L) solution High molecular weight compounds from Boswellia and the gel band was incubated at 37°C overnight. The soluble phase was removed to a clean tube. Peptides were extracted by incubating the gel with 50 µL water containing 1% HAc and 10, 50 and 80% ACN successively for 1 h each cycle. Solutions were pooled and dried in the SpeedVac. Peptides were redissolved in 10 µL 0.1% FA containing 5% ACN and purified using ZipTips C18 (Millipore, Bedford, MA, USA). MS experiments were performed using MALDImicro MX MALDI-TOF mass spectrometer and Q-TOF Premier (all from Waters Corp., Manchester, UK).
For MALDI-MS, a saturated solution of α-cyano-4-hydoxycinnamic acid in ACN/0.1% TFA 1/2 v/v diluted 1/1 with the same solvent was used as matrix of which 0.5 µL were pre-spotted onto the target. Analyte (0.5 µL) and matrix, respectively, were added and slightly mixed on-spot. The residual peptide solution was investigated by nanoelectrospray ionization (nanoESI) tandem-MS using Q-TOF. To that end, 3 µL of peptide solution was filled in self-pulled omega-glass capillaries, which were attached to a home-made nanospray source as described earlier (König et al 1998) . Prominent peaks in the MALDI-TOF spectrum were chosen for fragmentation analysis by ESI-MS/MS. Each peptide ion ( preferably doubly charged) was isolated and fragmented by collision-induced dissociation manually adjusting the collision energy for best results. MS/MS spectra were individually inspected for sequence tags. Short sequence stretches of 4-8 amino acids were matched against the SwissProt database to find homologous proteins. Furthermore, alignment tools such as BLAST and MAFFT (multiple sequence alignment programs, http://mafft.cbrc.jp/) provided via the large public UniProt and NCBI databases were used for the characterization of the protein family.
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